With no internal vibrational or rotational degrees of freedom, atomic solutes serve as the simplest possible probe of a condensed-phase environment's influence on solute electronic structure. Of the various atomic species that can be formed in solution, the quasi-one-electron alkali atoms in ether solvents have been the most widely studied experimentally, primarily due to the convenient location of their absorption spectra at visible wavelengths. The nature of solvated alkali atoms, however, remains controversial: the consensus view is that solvated alkali atoms exist as (Na + , e -) tight-contact pairs (TCPs), species in which the alkali valence electron is significantly displaced from the alkali nucleus and confined primarily by the first solvent shell. Thus, to shed light on the nature of alkali atoms in solution and to further our understanding of condensedphase effects on solutes' electronic structure, we have performed mixed quantum/classical molecular dynamics simulations of sodium atoms in liquid tetrahydrofuran (Na 0 /THF). Our interest in this particular system stems from recent pump-probe experiments in our group, which found that the rate at which this species is solvated depends on how it was created (Science 2008, 321, 1817); in other words, the solvation dynamics of this system do not obey linear response. Our simulations reproduce the experimental spectroscopy of this system and clearly indicate that neutral Na atoms exist as (Na + , e -) TCPs in solution. We find that the driving force for the displacement of sodium's valence electron is the formation of a tight solvation shell around the partially exposed Na + . On average, four THF oxygens coordinate the cation end of the TCP; however, we also observe fluctuations to other solvent coordination numbers. Furthermore, we find that species with different solvent coordination numbers have unique absorption spectra and that interconversion between species with different solvent coordination numbers requires surmounting a free energy barrier of several k B T. Taken together, our results suggest that the Na 0 /THF species with different solvent coordination numbers may be viewed as chemically distinct. Thus, we can explain the kinetics of Na TCP formation as being dictated by changes in the Na + solvent coordination number, and we can understand the dependence on initial conditions seen in the solvation dynamics of this system as resulting from the fact that the important solvent coordinate involves the motion of only a few molecules in the first solvation shell.
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Introduction
Solvents not only provide a medium in which chemical species can meet and react but also provide an environment that can modify the electronic structure of dissolved molecules, which in turn can dramatically alter solution-phase reactivity relative to that in the gas phase. Knowing how a condensedphase environment affects the electronic structure of solutes is therefore crucial for a detailed understanding of solution-phase chemistry. The simplest type of solute with which to probe such condensed-phase effects is an atom: atoms have only translational and electronic degrees of freedom, so any solvent-induced effects on their electronic structure are easy to quantify, particularly in comparison to molecular solutes whose conformational degrees of freedom also can be altered by solvent interactions.
Unfortunately, there are relatively few substances that will dissolve atomically in liquids, and the few that do have electronic absorption spectra that are located at wavelengths where it is not experimentally convenient to probe the effects of a condensed-phase environment. Notable exceptions are the alkali metal atoms, which can be formed transiently in liquid ether solvents through the reaction of solvated electrons with alkali cations, as is commonly performed in pulse radiolysis experiments. 1, 2 There has been some debate, however, about how to think of the electronic structure of the quasi-one-electron alkalis when they are dissolved in liquids. Many workers have argued that neutral alkali atoms in ether solvents exist as tightcontact pairs (TCPs), species that are better written as (M + , e -) because the electron is significantly displaced from the M + cation so that the identity of the atom is strongly perturbed from that in the gas phase. [1] [2] [3] [4] This interpretation is supported by electron spin resonance (ESR) measurements, which found that the valence electron of K 0 in liquid tetrahydrofuran (THF) has only ∼36% atomic character, 5 suggesting that K 0 /THF has an identity somewhere between that of a solvated neutral atom and a separated solvated electron/K + ion pair. This idea is also supported by the fact that the absorption spectra of neutral alkali atoms in ethers are broad and have maxima between those of the gas-phase alkali atom D-lines and the solvated electron. For example, the absorption spectrum of (Na + , e -) in liquid THF peaks at around 1.4 eV, 4 roughly halfway between the isolated Na 0 D-line at 2.1 eV and the absorption maximum of the THF-solvated electron at 0.59 eV. 6 There is no direct experimental proof, however, that alkali atoms exist as TCPs in ether solvents; an alternative picture is that the atom's valence electron remains centered on the nucleus but is diffusely distributed over many solvent molecules, weakening the overlap with the alkali metal core. 7 The question of how a single alkali atom behaves in solutionphase environments has been explored to a limited extent by simulation. For example, Sprik et al. studied the properties of Li 0 in liquid ammonia using path-integral Monte Carlo simulations, and found that Li 0 exists as a tight-contact pair with two ammonia molecules solvating the Li + through the nitrogen atoms. 8 However, more recent work suggests that this species is not present in Li/NH 3 solutions. 9, 10 Building on previous work, 11 Coudert et al. have explored the properties of electronalkali cation contact pairs in liquid water using mixed quantum/ classical molecular dynamics (MQC MD) simulations.
12 From free energy calculations, they found that the dissociated alkali atoms were no more than a few k B T higher in energy than a tight-contact pair, with a barrier of less than 10 k B T separating these species. This implies that aqueous solutions of alkali cations and hydrated electrons should exhibit a statistical distribution of species rather than specifically forming contact pairs. 12 This previous work is suggestive, but to the best of our knowledge, there has been no simulation work targeted at experimentally realizable alkali cation-electron tight-contact pairs, such as the alkali atoms in liquid ethers.
To better understand the nature of solvated alkali atoms that are not largely dissociated, in this paper we present the results of MQC MD simulations of Na 0 /THF. We chose this particular solute/solvent combination as it is the most studied experimentally, [1] [2] [3] [4] [13] [14] [15] [16] [17] providing the best possibilities for confronting theory with experiment. Our preliminary simulation studies of this system found that Na 0 clearly exists as a TCP in liquid THF, 18 in agreement with experimental interpretations. [1] [2] [3] [4] [13] [14] [15] 19 In this work, we explore the molecular nature of the sodium TCP in significantly more detail. We find that the driving force for TCP formation lies in the creation of a tight solvation shell of ∼4 THF oxygens around the partially exposed Na + end of the TCP. We also find that the number of solvent oxygen sites coordinating the cation end of (Na + , e -)/THF fluctuates, and that changing the coordination number requires surmounting a barrier of a few k B T. Moreover, we see that TCP species with different solvent coordination numbers have unique electronic absorption spectra, which shift from the visible (gas-phase Na 0 -like) to the near-IR (solvated electron-like) with increasing solvent coordination. Thus, (Na + , e -)/THF species with different cation solvent coordination numbers can be thought of as chemically distinct. We also note that the Na 0 /THF species was the highlight of recent pump-probe experiments in our laboratory that suggested a breakdown of the linear response (LR) approximation for the solvation dynamics of this system. 15 Our simulations now allow us to understand the solvation dynamics of Na 0 /THF as being dominated by changes in the number of solvent oxygen sites coordinating the Na + , explaining the apparent failure of LR.
Methods: Mixed Quantum/Classical Molecular Dynamics
We simulated Na 0 /THF using mixed quantum/classical molecular dynamics (MQC MD) simulations in which the 3s valence electron of Na was treated quantum mechanically and all other particles (Na + core and solvent) were treated classically. Our methodology is similar to one-electron models that have been used previously to study the electronic properties of alkali atoms in a variety of clusters and condensed-phase environments. 8, 9, 11, [20] [21] [22] [23] Our simulated system consisted of 255 classical tetrahydrofuran (THF) solvent molecules, one classical Na + solute core, and one quantum-mechanical electron. The details of the classical model that we used have been presented elsewhere. 24 Briefly, the THF molecules were treated as rigid, planar five-membered rings with classical interaction potentials that were taken from the optimized potentials for liquid simulations model. 25, 26 The interactions between the classical particles and the quantum-mechanically treated electron were accounted for using Philips-Kleinman (PK) pseudopotentials 27 that we previously developed for both sodium 28 and THF. 29, 30 To correct for the frozen-core approximation in the PK formalism, the pseudopotentials were augmented with polarization potentials that have been described elsewhere. 30 Periodic boundary conditions were implemented with the minimum image convention 31 and all interactions were tapered smoothly to zero at 16 Å over a 2 Å range with a center-of-mass-based Steinhauser switching function. 32 We verified that truncating intermolecular interactions in this way did not introduce any artifacts by comparing the solvent structure of Na + in THF simulated with our code to the solvent structure of a simulation using identical potentials in the Gromacs software package 33 that treated the long-range interactions using the particle mesh Ewald method.
For the quantum mechanical electron, the electronic eigenstates were expanded in a basis of 32 × 32 × 32 plane waves that spanned the cubic simulation cell and the single-electron Hamiltonian was diagonalized at every MD time step using the implicitly restarted Lanczos method 34 as implemented in AR-PACK. 35 The MD trajectory was propagated adiabatically on the electronic ground-state surface using the velocity Verlet algorithm 31 with a 4 fs time step. 36 The THF molecules were held rigid and planar with the RATTLE algorithm, 38 as described in more detail in the Supporting Information. Our simulations were performed in the canonical ensemble, with particle velocities coupled to Bussi's stochastic thermostat. 39 The average temperature was set to 298 K with a thermostat relaxation time of 0.5 ps. The simulation cell length was fixed at 32.50 Å, corresponding to the experimental density of pure liquid THF, F ) 0.8892 g cm -3 .
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We initiated a 1 ns simulation trajectory by adding a quantum mechanical electron in its electronic ground state to an equilibrated classical simulation of Na + in THF; we then reequilibrated the resulting MQC system for 50 ps. We found that the electron initially was delocalized over much of the simulation cell, but that within a few picoseconds it attached to the Na + to form the TCP species. To reduce the computational expense, we calculated only the electronic ground state at each MD time step, as necessary to propagate the adiabatic MQC dynamics. To obtain spectra from our simulations, we also calculated 19 excited states using single-point calculations on snapshots extracted from the MD trajectory that were separated by 100 fs.
Results and Discussion

Nature of the Neutral Sodium Species in THF.
To determine how well our simulation model can reproduce experiment, we begin our discussion of the nature of the neutral sodium species in THF by calculating its electronic absorption spectrum, I(E), in the inhomogeneous broadening limit:
where ∆E 0j and µ 0j are the energy gap and the transition dipole moments between the ground and jth excited state, respectively. Using the lowest 20 adiabatic states, we evaluated eq 1 every 100 fs from the 1 ns trajectory and then histogrammed the results using 0.1 eV bin widths. The spectrum of Na 0 /THF obtained this way is plotted as the solid black curve in Figure 1 ; the dashed black curve shows the Gaussian-Lorentzian fit to the experimental absorption spectrum. 4 Although there is a slight blue shift of the peak and an underestimate of the blue tail, the figure shows that our calculated spectrum is well within the typical accuracy of one-electron MQC models. [40] [41] [42] [43] We thus consider the simulated spectrum as having a good agreement with experiment, giving us confidence that our simulation model faithfully captures the essential electronic properties of Na 0 / THF.
To understand the origins of the spectrum, the colored curves in Figure 1 show contributions to the total spectrum from transitions to the four lowest adiabatic excited states; clearly, the lowest three excited states have the largest contribution to the absorption spectrum, and the higher-lying states make up the blue spectral tail. Inspection of the excited electronic wave functions reveals that the lowest three excited states correspond to p-like orbitals; these orbitals occur at an energy lower than that in the gas phase; thus, the solution environment has decreased the gas-phase 3s-3p gap of 2.14 eV for Na 0 (in our model 28 ) to the observed peak at ∼1.65 eV (1.43 eV experimental 4 ) in the Na 0 /THF absorption spectrum. We also see that the width in the simulated absorption spectrum results both from a splitting of ∼0.4 eV between the highest and lowest p-like states and from the full width at half-maximum (fwhm) of ∼0.4 eV of each subband. The resulting total simulated absorption spectrum has a fwhm of ∼0.65 eV, which is somewhat narrower than the experimental fwhm of 0.849 eV. 4 The fact that the spectral width in our calculations is smaller than experiment appears to be a consequence of underestimating the blue tail of the spectrum, which likely results from the fact that we included only the lowest 19 electronic excited states when calculating the spectrum or possibly from factors discussed in ref 42 .
The large splitting between the lowest p-like excited states of Na 0 /THF (which are degenerate in the gas phase) is indicative of a considerable asymmetry in the local solvent environment around Na 0 . To better understand this asymmetry in the local solvation structure, we show a representative MD snapshot of Na 0 /THF in Figure 2 . For clarity, we show only the THF molecules in the first solvation shell (represented as licorice bonds), defined as those whose centers-of-mass (COM) were within 5.6 Å of the electron COM; this distance corresponds to the location of the minimum in the THF-COM: e --COM radial distribution function (see Figure 3 , below). In the Figure 2 snapshot, the sodium cation is plotted as a black sphere with the Na + ionic radius, and the electron is shown as a translucent blue surface enclosing 50% of the valence charge density. Clearly, the electron density is substantially displaced from the sodium cation, giving an average dipole moment of 1.43 ( 0.04 e Å (6.87 D). We also see that although the electron is displaced, it still occupies the same solvent cavity as the Na + . Our simulations thus identify Na 0 /THF as a tight-contact pair at equilibrium, in agreement with experimental interpretations. [1] [2] [3] [4] Although the sodium cation-solvated electron TCP is usually written as (Na + , e -), for reasons that will become clear below when we explore different coordination numbers around the cation, we shall continue to refer to this species as Na 0 . One of the key features of the solvation structure of Na 0 / THF is that displacement of the valence electron exposes the Na + core, allowing it to be directly solvated by THF. We find that the Na + core is coordinated, on average, by four THF molecules through their negatively charged oxygen sites; these coordinating interactions are shown in Figure 2 as the black bonds between the oxygen sites and the Na + . Figure 2 also shows that on the electron side of the neutral sodium TCP, the solvent oxygen sites preferentially point away from the electron. This unusual solvation structure around Na 0 /THF is explored in more detail in Figure 3 , which plots the radial distribution function, g(r), of Na + -THF oxygen distances. We see that g(r) is dominated by a large peak with a magnitude over 25 (as shown in the inset to Figure 3 ) at 2.35 Å; this peak corresponds to the THF oxygen sites that solvate the Na + end of the TCP. This 2.35 Å peak is at the exact same distance as the first solvation shell peak of THF oxygen sites solvating a bare Na + in THF, 25 confirming that the exposed Na + side of the TCP is solvated in the same manner whether or not the electron is present. The chief difference the electron makes is in the cation coordination number: a single Na + in liquid THF is coordinated by six first-shell THF oxygen sites, 25 whereas for Na 0 , integrat- Molecular dynamics snapshot of the equilibrium neutral sodium species in THF. The first solvation shell THF molecules are plotted as licorice, the Na + core as a black sphere (scaled to its ionic radius) and the valence electron represented as a translucent blue surface enclosing 50% of the charge density. Bonds are drawn between Na + and THF oxygen sites within 3.65 Å. Clearly the neutral sodium species is a tight-contact pair (TCP) and not a solvated atom.
ing g(r) up to the first minimum at 3.65 Å gives an average coordination number of 3.98: the fact that the electron occupies space near the cation causes the first solvation shell around the Na + end of the TCP to be only partially developed.
Factors
Determining the Coordination Number of Na 0 /THF. To understand why the four-coordinated species of Na 0 /THF is dominant at equilibrium, we calculated the relative free energies of the different possible Na 0 coordination species. To achieve this, we followed the ideas of Sprik 44 and calculated the free energy, A, as a function of a continuous coordination number variable, n Na + , which is defined as where i runs over every THF oxygen site, and r Na + and r O,i are the positions of the sodium cation core and the ith oxygen site, respectively. In eq 2, S(r) is a Fermi function, defined as where r c is a cutoff radius that defines when a solvent molecule is coordinated to the cation and κ -1 is the width of the transition region where the Fermi function switches from 1 to 0 around r c . Although the Fermi function is never exactly equal to 0 or 1 except in the limits r f (∞, S(r) can be made numerically close to these values away from the cutoff radius by setting κ -1 to be significantly smaller than r c . We chose r c ) 3.65 Å to correspond to the first minimum in the Na + -O radial distribution function, and we chose κ -1 ) 0.2 Å by requiring that the ensemble-averaged coordination number be converged to within 0.01 (i.e., 〈n Na + 〉 ) 3.98 ( 0.01). The green dashed curve in Figure 3 shows S(r) with our chosen parameters.
With a continuous coordination number defined, we then performed umbrella sampling (US) to map out the free energy as a function of n Na + . To do this, we added a (classical) biasing potential to the system's Hamiltonian:
where η is the coordination number to which we desire to bias the system and k is the biasing potential's spring constant, which we set to k ) 1.25 eV. We ran US trajectories with 26 different biasing potentials using η i ) (2i -1)/6 with i ) 1, ..., 19 (where i is the index of each biasing "window") and η i ) 0.0, 1.0, ..., 6.0 for the remaining 7 windows. For each biasing potential, we propagated 0.5 ns of MQC dynamics after an initial equilibration period of 10 ps. To reduce the amount of equilibration time, we chose initial particle coordinates and velocities for each window from an equilibrated snapshot of the adjacent window (e.g., the trajectory in the η ) 4 1 / 6 window was initialized from the η ) 4.0 window, which itself was initialized from the original unbiased 1-ns equilibrium simulation).
From the distributions of n Na + in the 26 windows, we generated the free energy A(n Na + ) as a function of the coordination number variable using Grossfield's implementation 45 of the weighted histogram averaging method (WHAM); 46 we chose 121 histogram bins centered at n Na + ) 0.00 up to n Na + ) 6.00 in increments of 0.05. 47, 48 We estimated the statistical uncertainty in the free energy by calculating A from five 0.1 ns blocks of data from each window. The solid black curve in Figure 4 shows A(n Na + ) in units of k B T (for our system temperature T ) 298 K); the error bars represent 95% confidence intervals. This figure confirms that the four-coordinated species is dominant at equilibrium and that coordination numbers 3 and 5 (which are less than 3 k B T higher in free energy) are readily thermally accessible. Indeed, our unbiased 1 ns simulation showed occasional fluctuations between coordination numbers 3, 4, and 5 with relative populations of roughly 9:84:7 (see Supporting Information). What is perhaps most striking about Figure 4 is that local minima appear in A at the integer values of n Na + , with barriers of a few k B T separating each minimum. 49 The existence of these barriers suggests that we should think about Na 0 /THF species with different solvent coordination numbers as being chemically distinct, with interconversion between coordination numbers being an activated process. Thus, for the rest of this paper, we will focus on the integer coordination numbers and explore their properties and relative free energies.
To understand the properties of Na 0 /THF with different solvent coordination numbers, we calculated the values of various observables according to g(r) (solid black curve) , for Na + -THF oxygen site distances for the neutral sodium species in THF. The dashed green curve shows the smooth cutoff function, S(r), used to define the inner solvation shell around Na + in eq 2. The inset expands the y-axis scale to better show the large peak in the RDF. 
where X is the observable, n is the coordination number of interest, and 〈 〉 n represents taking an ensemble average over the US window with η ) n (for the integer-valued windows only). The delta function in eq 5 was treated numerically by binning values of n Na + near each integer; we chose a bin width of 0.05 to match the histogram bin width used in generating Figure 4 .
We begin our analysis by replotting the relative free energies of the Na 0 species with different solvent coordination numbers as the black curve in Figure 5a . 50 To understand why the fourcoordinated species is favored, we calculated the internal energy, E (corrected for the biasing potential), for each integercoordinated species, shown by the red dashed lines in Figure  5a ; we chose the arbitrary zero of internal energy to be that of the 4-coordinated species. The figure makes clear that the internal energy of the system monotonically decreases with increasing coordination of the Na + ; in particular, the sixcoordinated species is energetically favored over the lower coordination numbers. We also calculated the entropic contribution to the free energy using the definition of the Helmholtz free energy: A ) E -TS, where S is the entropy (relative to the 4-coordinated species), plotted as the blue dot-dashed lines in Figure 5a . Clearly, -TS increases monotonically with increasing cation solvent coordination, which makes physical sense as one expects an entropic penalty to forming the highly ordered solvation shell around Na + . The decrease in entropy with coordination number suggests that at lower temperatures, more highly coordinated species will be favored. This agrees with experimental observations: ESR studies found that the average atomic character of the related neutral potassium and rubidium species in THF decreased sharply with decreasing temperature. 51 In addition, pulse radiolysis experiments found that the absorption spectra of alkali metal atoms dissolved in ether solvents shift to that of a loose contact pair as the temperature is lowered, 52, 53 as expected for increasing cation coordination (see ref 18 and Figure 7, below) . Indeed, as we show in the Supporting Information, preliminary simulations confirm that the neutral sodium species favors higher coordination numbers at low temperature.
We can further examine the chemical nature of the differently coordinated Na 0 /THF species by decomposing the internal energy, E, into solute-solvent and solvent-solvent terms:
where E Na + is the classical potential energy of the sodium cation (from interactions with the THF solvent), E e -is the quantum energy of the valence electron, E THF is the classical THF-THF potential energy, and E K is the classical kinetic energy (whose average is constant in the canonical ensemble, so that E K has the same value for each species and thus can be ignored). We plot the various potential energy contributions to the internal energy as a function of coordination number in Figure 5b . As expected, E Na + (green circles) provides the main energetic driving force to higher coordination numbers, with the addition of each coordinating solvent molecule lowering the E Na + energy by ∼1 eV. In contrast, the solvent reorganization energy, E THF (violet diamonds), increases with increasing coordination number; this makes physical sense since the alignment of the THF dipole to favorably solvate Na + comes at the expense of an increase in THF-THF potential energy. Similarly, E e -(orange squares), which is equal to the negative of the vertical ionization energy of the sodium atom relative to vacuum, also counteracts the energetic drive to higher coordination number from solvating the cation, showing a roughly linear increase from E e -) -6.74 ( 0.06 eV for n Na + ) 0 to E e -) -3.44 ( 0.02 eV for n Na + ) 6. This change in electronic energy shows that Na 0 is becoming increasingly (partially) ionized with increasing solvent coordination. Overall, the analysis in Figure 5 indicates that the fourcoordinated species is dominant at equilibrium due to a balance in several energetic considerations: high coordination numbers are favored by the solvation energy of Na + , and low coordination numbers are favored in minimizing the energetic cost of (partially) ionizing Na 0 and minimizing the solvent's energetic and entropic cost of forming an ordered solvent shell around Na + .
Changes in the Electronic
Structure of Na 0 /THF with Coordination Number. The fact that the ionization energy of Na 0 changes so dramatically with solvent coordination number suggests that the presence (or absence) of a single coordinating THF solvent molecule can produce large changes in the electronic structure of the neutral atomic sodium species. Some of the other dramatic solvent-induced changes in the electronic structure of Na 0 /THF are summarized in Table 1 , which shows the average dipole moment, µ, and radius of gyration, R gyr ) 〈ψ|r 2 |ψ〉 1/2 , where ψ is the electronic ground state and r is the position operator relative to the electron's center of mass, for each solvent coordination number. For reference, the table also includes values for both gas-phase Na 0 and the solvated electron in THF. The near-zero value of the dipole moment of zero-coordinated Na 0 in THF seen in Table 1 shows clearly that, in the absence of solvating THF oxygens, the ground-state wave function remains centered near the Na + core. However, the propertie of this uncoordinated Na 0 are clearly strongly perturbed from the gas phase. This is evident in Figure 5b , which shows that the ionization energy of the zero-coordinated Na 0 is 6.74 ( 0.06 eV, compared to the gas-phase value of 5.14 eV. This ∼1.5 eV stabilization comes mainly from the long-range attractive polarization part of the THF pseudopotential. In addition to the larger ionization energy, the radius of gyration of zerocoordinated Na 0 in THF is significantly smaller than that of Na 0 in the gas phase. This can be understood as a result of Pauli repulsion from the first-solvation-shell THF molecules, which compresses the Na 0 electron density in the manner expected for what is essentially a particle trapped in a roughly spherical box. As the solvent coordination number increases, we see that the valence electron is progressively displaced from the Na + core, so that the neutral sodium species has an increasingly larger dipole moment. The driving force for this displacement of the electron density is the close proximity of the coordinating THF oxygen atoms, which are highly repulsive to the electron. 29 The radius of gyration of the electronic wave function also increases with coordination number as the electron becomes progressively less bound by the Na + . By coordination number 6, the solvation shell around Na + is essentially complete and the valence electron occupies a solvent cavity adjacent to the primary Na + solvation shell. This species can thus be thought of as a solvated electron which is perturbed by the Coulombic influence of the solventseparated Na + ; within the radiation chemistry community, this species is referred to as a sodium cation:solvated electron loosecontact pair (LCP; see Figure 6 for a representative MD snapshot of this species).
Having explored the changes in the ground state of Na 0 with increasing coordination by THF, we now turn to examine the changes in the properties of the electronic excited states, which are directly reflected in the Na 0 absorption spectrum. Figure 7 plots the absorption spectrum of Na 0 as a function of the THFoxygen coordination number around the cation. For the zerocoordinated species (solid black curve), we see the absorption spectrum peaks at 2.5 eV, which is blue of the 2.14-eV gasphase sodium D-line in our model. 28 This blue shift results from the compression of the ground-and excited-state wave functions (relative to the gas phase) due to the presence of the first solvation shell THF molecules. At higher coordination numbers, we see that the spectrum red shifts as the electron is displaced from the Na + core: the addition of each coordinating oxygen atom shifts the peak of the absorption spectrum by ∼0.25 eV.
In addition to the red shift, we see that the spectrum broadens as n Na + is increased from 0 to 3, but then renarrows as n Na + is increased from 3 to 6. We also see that there is some structure in the spectrum (in the form of a shoulder on the blue edge) for n Na + ) 1 and n Na + ) 2 and that the blue tail only begins to develop when n Na + g 2. We can understand these trends in the spectroscopy of Na 0 / THF by considering how the electronic eigenvalues of Na 0 change with increasing solvent coordination of the Na + core. In Figure 8 , we plot the lowest 20 ensemble-averaged eigenvalues of Na 0 (relative to the vacuum) as a function of the solvent coordination number; the dashed lines have been drawn between the energetically ordered eigenvalues at consecutive coordination numbers to guide the eye (we do not discount the possibility that states may cross). The figure shows that the absorption spectrum of zero-coordinated Na 0 is composed of transitions from the ground state (black line) to the lowest three excited states (red, orange, and green lines), each of which corresponds to a 3s f 3p excitation. There is then a gap of ∼1 eV between state 3 and state 4 (blue line), which corresponds to a 4s-like state of sodium and therefore does not contribute to the absorption spectrum since it is dipole-forbidden from the ground state. The higher-lying states (5-19) of the zerocoordinated species are closely spaced and consist of a mixture of Rydberg-like states of the Na atom and solvent-supported cavity states that have also been seen in previous work to contribute to the high-energy spectral region of both the sodium anion 30 and the solvated electron in THF. 30, 54, 55 As the solvent coordination number increases, Figure 8 shows that all of the electronic states of Na 0 are progressively destabilized as the electron is displaced from the Na + core, but the degree to which the different states are destabilized is not equal. The ground state, which overlaps the most with the Na + core, is destabilized to a greater extent than the excited states, explaining the red shift of the absorption spectrum with increasing coordination. Not surprisingly, the energetic locations of states 4-19, which contribute to the blue spectral tail in the absorption spectrum for n Na + g 2, are relatively insensitive to the coordination number. Finally, the way the width of the Na 0 absorption spectrum changes with coordination number can be explained by the energetic splitting of states 1-3, the low-lying p-like excited states. When only one or two THF oxygens coordinate the Na + core, the sodium atom experiences a highly asymmetric environment, with the solvent coordination predominantly destabilizing the highest p-like state more than the lower two, giving rise to the blue shoulder in the spectra of these low-coordinated species. This asymmetry reaches its maximum value when n Na + ) 3, causing the three p states to be roughly evenly split, producing the maximum broadening of the spectrum. As the coordination number increases further, the electron starts to occupy its own solvent cavity, so that its solvation environment becomes more symmetric, causing the spectrum to narrow and the substructure to wash out.
We note that the idea of different solvent coordination numbers leading to distinct structure in the spectrum of Na 0 has experimental precedent. Piotrowiak and Miller measured the absorption spectrum of Na 0 in 2,5-dimethyltetrahydrofuran (2,5-DMTHF) and 2,2,5,5-tetramethyltetrahydrofuran (2,5-TMTHF), 2 two solvents that have dipole moments and dielectric constants similar to those of unmethylated THF. The presence of the methyl substituents at the R position, however, means that these solvent molecules are sterically hindered from tightly solvating alkali cations relative to the coordination that takes place in liquid THF. Indeed, Piotrowiak and Miller found that the absorption maximum of Na 0 in 2,5-DMTHF occurs at 1.69 eV (blue-shifted from that in THF by 0.25 eV) and that the spectrum contained a second peak at 2.15 eV. 2 The spectrum of Na 0 in 2,2,5,5-TMTHF was similar, but with three apparent peaks at 1.59, 1.72, and 2.17 eV. In light of our simulations, we assign the blue shift and spectral structure to the fact that Na 0 in these solvents has a lower average coordination number than in THF, consistent with the steric hindrance from the R-methyl groups. 56 And, as discussed further below, the spectra of Na 0 with different solvent coordination numbers recently have been observed experimentally using ultrafast transient holeburning spectroscopy. 3.4. Insights into the Pump-Probe Spectroscopy of Na 0 / THF. In addition to providing a molecular-level interpretation of the steady-state absorption spectrum of Na 0 in THF and related solvents, our simulations also provide new insight into recent pump-probe experiments from both our laboratory 13, 15 and others 16, 17 that studied the equilibration dynamics of freshly created Na 0 /THF. One set of these ultrafast transient absorption experiments examined the formation of Na 0 /THF following photodetachment of an electron from sodide (Na -). 13, 16, 17 These experiments observed that immediately 17 following removal of one of the two valence electrons from sodide, the neutral sodium atom that was left behind had an absorption spectrum whose peak is near that of the gas-phase sodium D-line. The spectrum then red-shifted on a ∼230 fs time scale, followed by an isosbestic interconversion on a ∼750 fs time scale and then a slow red shift on a ∼10 ps time scale to become the equilibrium sodium TCP spectrum. 13 The initial spectrum of Na 0 was interpreted as resulting from a sodium atom that, due to the large solvent cavity of its parent anion, weakly interacted with the solvent to yield a gas-phase-like absorption spectrum. The initial rapid red shift was attributed to solvation of the Na 0 , which then underwent a chemical reaction to form the TCP, with the chemical interconversion giving rise to the isosbestic point. The nonequilibrium TCP was then observed to solvate on a ∼10 ps time scale. 13 Our simulations point to a new molecular interpretation of this otherwise generally correct experimental picture for these processes: the initial ∼230 fs red shift is the barrierless solvation of Na 0 to form the singlecoordinated species, which then, because of a free energy barrier, undergoes a delayed "reaction" to form the two-coordinated species. The remaining ∼10 ps solvation time scale then corresponds to the reactions n Na + ) 2 f 3 f 4. This assignment is supported by the fact that a 10 ps solvation time scale is too slow to ascribe to simple dielectric relaxation. 57, 58 The relatively slow solvation observed is explained by the fact that 3-fold coordinated Na 0 , which is formed from occasional fluctuations in our 1 ns equilibrium simulation, has a lifetime of several picoseconds (see Supporting Information). In an upcoming paper, we will present the full details of how relatively simple changes in solvent coordination number explain the full ultrafast transient spectroscopy of this system. 59 Our assignment of the solvent coordination number as being the primary reaction coordinate in the solvation of Na 0 /THF is also supported by a separate pump-probe study from our laboratory on the solvation dynamics of the (Na + , e -) TCP starting from the LCP. 15 In these experiments, electrons were photodetached from I -and rapidly captured by nearby Na + counterions to form a population of sodium LCPs. 15 The initially created sodium cation:solvated electron LCPs were found to undergo a quasi-isosbestic interconversion to form a bluerabsorbing species, which then underwent a further spectral blue shift on a ∼5 ps time scale to produce equilibrium (Na + , e -) TCPs. Our simulations again provide a plausible molecular mechanism for the solvation dynamics of sodium TCPs that were created from LCPs: the quasi-isosbestic point corresponds to the reaction of the 6-fold coordinated LCPs to form 5-fold coordinated Na 0 /THF species. The ∼5 ps blue shift then corresponds to the solvent coordination reaction n Na + ) 5 f 4. Our group previously argued that the different solvation time scales for forming the equilibrium (Na + , e -) TCP starting from either photodetachment of sodide (∼10 ps) or electron attachment to Na + (∼5 ps) are indicative of a breakdown of the linear response (LR) approximation in describing the solvation dynamics of this system. 15 Our simulations provide a molecular explanation for the different solvation time scales: starting from sodide, the solvation of Na 0 following its isosbestic interconversion involves overcoming two free energy barriers (for both n Na + ) 2 f 3 and n Na + ) 3 f 4), whereas the solvation of Na 0 following its isosbestic interconversion from the LCP involves the crossing of only one free energy barrier (between n Na + ) 5 and 4). Thus, the apparent breakdown in the LR approximation can be seen as a direct result of the presence of free energy barriers along the reaction coordinate that describes the solvation of Na 0 /THF. The idea that the solvation dynamics of Na 0 are dictated by interconversions between spectroscopically distinct coordination numbers is further supported by recent pump-probe experiments from our group that measured the transient hole burning (THB) dynamics of Na 0 /THF. 18 We found that after photoexciting Na 0 /THF, the distribution of coordination numbers in the remaining ground-state population of Na 0 was modified from equilibrium. We argued that the spectral dynamics underlying the bleach recovery could be understood as interconversions between spectroscopically distinct species corresponding to different coordination numbers, with spectra that resemble those shown in Figure 7 . Furthermore, the time scales of these interconversions match the time scales seen in the nonequilibrium pump-probe experiments that created Na 0 either via electron photodetachment of Na -13 or electron attachment to Na + . 15, 19 All of this suggests that no matter what the initial condition, the solvation dynamics of Na 0 /THF are controlled by solvent motions that move the system over the free energy surface shown in Figure 4 .
Conclusions
In this paper, we explored the equilibrium properties of a single sodium atom in liquid THF using mixed quantum/ classical molecular dynamics simulation. We found that, in agreement with experimental interpretations, 1-4 the neutral sodium species in THF exists as a tight-contact pair in which the valence electron of sodium, on average, is displaced 1.43 ( 0.04 Å from the Na + core. As a result of this displacement, the 3s-3p gap of sodium is smaller in THF than in the gas phase. Moreover, the locally asymmetric solvent environment splits the 3p states, giving rise to a broad absorption spectrum peaked at ∼1.65 eV (1.43 eV experimental 4 ). We found that the main driving force for displacement of the electron is the formation of a tight solvation shell of THF oxygens around the partially exposed Na + core of the atom. On average, four THF oxygens coordinate with Na + ; however, coordination numbers 3 and 5 are readily thermally accessible. The four-coordinated species predominates at equilibrium as a result of a balance between the solvation of Na + , which favors high coordination numbers, and the costs of partially ionizing Na 0 and the energetic and entropic penalties to forming a highly ordered solvation shell around Na + , which favor lower coordination numbers. By using umbrella sampling to map out the free energy of Na 0 /THF as a function of coordination number, we found that integer coordination numbers 1-6 correspond to local free energy minima, each separated by barriers of a few k B T. This allows us to think about the different coordination numbers of Na 0 /THF as chemically distinct species. Furthermore, each coordination species has a distinct electronic absorption spectrum that shifts from the visible to near-IR with increasing coordination number. The spectra of Na 0 /THF species with different coordination numbers also have different shapes and widths, which is a direct consequence of the molecular details of the local solvent coordination. The idea that Na 0 /THF's equilibrium absorption spectrum is composed of a number of spectroscopically distinct coordination numbers is also consistent with the transient hole burning spectroscopy of Na 0 /THF. 18 Finally, we were able to relate our findings to the results of recent pump-probe experiments that studied the solvation dynamics of Na 0 /THF formed via both electron photodetachment of Na -and electron attachment to Na + . 13, 15 In particular, the spectral dynamics of Na 0 /THF during solvation can be interpreted in terms of dynamics on the free energy curve in the Na + coordination number reaction coordinate shown in Figure  4 . The presence of free energy barriers along this reaction coordinate explains why slow solvation time scales (∼5-10 ps) were observed experimentally, and also why the linear response approximation was seen to break down for this system. In a forthcoming publication, we shall test this molecular-level interpretation of the solvation dynamics of Na 0 /THF by using mixed quantum/classical molecular dynamics simulations to study the formation of a sodium TCP following electron detachment from Na -/THF, affording a direct comparison between simulation and the experimental pump-probe spectroscopy. 59 
